We examine rate heterogeneity among evolutionary lineages of the grass family at two plastid loci, ndhF and rbcL, and we introduce a method to determine whether patterns of rate heterogeneity are correlated between loci. We show both that rates of synonymous evolution are heterogeneous among grass lineages and that rate heterogeneity is correlated between loci at synonymous sites. At nonsynonymous sites, the pattern of rate heterogeneity is not correlated between loci, primarily due to an aberrant pattern of rate heterogeneity at nonsynonymous sites of rbcL. We compare patterns of synonymous rate heterogeneity to predictions based on the generation time effect and the speciation rate hypotheses. Although there is some evidence for generation time effects, neither generation time effects nor speciation rates appear to be sufficient to explain patterns of rate heterogeneity in the grass plastid sequences.
Introduction
A primary goal of molecular evolutionary studies is to elucidate the forces governing evolutionary change. The neutral theory has played a crucial role in these studies, because it makes specific predictions about patterns of molecular evolution. For example, the neutral theory predicts that rates of nucleotide substitution are correlated with generation time (Kimura 1983, Wu and Li 1985) . This prediction is especially pertinent to biological systems with determinate germ line replication, because organisms with shorter generation times have more germ line cell divisions per unit time and thus a higher neutral mutation rate per unit time (Wu and Li 1985) . An important corollary prediction is that the generation time effect is genomic in its scope and therefore affects all loci within an evolutionary lineage. These two predictions have been shown to be largely consistent with patterns of rate heterogeneity among mammalian nuclear lineages Li, Tanimura, and Sharp 1987; Li et al. 1996 ; but see Easteal, Collett, and Betty 1995; Herbert and Easteal 1996) . The generation time effect in mammals is most noticeable at synonymous sites, presumably because a higher proportion of synonymous substitutions are more nearly neutral than nonsynonymous substitutions (Li, Tanimura, and Sharp 1987; Ohta 1993; Li et al. 1996) .
In plants, predictions about evolutionary rates based on generation times are complicated by the fact that plants do not undergo determinate germ line replication. Thus, the relationship between generation time, the number of cell divisions, and rates of nucleotide substitution is not clear. Nonetheless, it has been shown that substitution rates at the plastid rbcL locus are correlated with minimum generation time (MGT), measured as the time from germination to first flowering (Gaut et al. 1992 ). This and other observations are consistent with the hypothesis that generation time could be a factor influencing rates of molecular evolution in plant systems (Gaut et al. 1996; Eyre-Walker and Gaut 1997; Muse and Gaut 1997 ). Yet, there is also evidence that rates of molecular evolution at the plastid locus rbcL are correlated with speciation rates Barraclough, Harvey, and Nee 1996) , and myriad other factors have been hypothesized to affect nucleotide substitution rates. In general, the evolutionary forces influencing nucleotide substitution rates in plants remain unclear.
There have been few thorough characterizations of rate heterogeneity in plant systems, and this lack has impeded our understanding of the evolutionary forces that affect nucleotide substitution rates. Ideally, rate characterization should be made in a multi-locus context, because the comparison of rate dynamics between loci can provide important insights into the evolutionary process (Clegg et al. 1994; Muse, Clark, and Thomas 1997; Muse and Gaut 1997) . For example, the generation time effect should affect rates in all loci within a genome, and therefore evidence of generation time effects should be consistent across loci. Selection, on the other hand, may affect only one locus, thereby resulting in different patterns of rate heterogeneity across loci. Given thorough characterization of nucleotide substitution rates at multiple loci, the factors influencing substitution rates can be examined by comparing patterns of rate heterogeneity to life history characteristics. The grass family is an excellent system for such comparisons. For example, the minimum generation times of most grass taxa are known (table 1) . Most grasses flower 1 to 2 years after germination and flower either continuously or yearly thereafter (table l) , but members of one subfamily, the Bambusoideae (as per Zhang 1996) , display remarkable variation with respect to generation time. The Bambusoideae fall informally into two groups , the herbaceous bamboos (the Olyreae) and the woody bamboos (the Bambuseae; SoderStrom and Ellis 1987). Herbaceous bamboos have life histories that are similar to those of other grasses, but the woody bamboos can require up to 120 years to flower, and die after flowering (Janzen 1976 NOTE.-P = perennial; A = annual.
a "?" indicates that no exact data are available, but in all cases there is no extended period of vegetative growth, and first flowering would be expected within l-2 years of growth from seed.
b-indicates no flowering in second year because of annual life cycle.
c Data from Clayton and Renvoize (1986) and from L.G.C., personal observation.
d Data from Clayton and Renvoize (1986) . e Woody bamboos typically flower in 10 to 60 years, although a case of 120 years has been documented (Janzen 1976 ).
woody bamboos have much longer generation times than most other grasses, and the generation time effect hypothesis predicts that woody bamboos should have slow nucleotide substitution rates relative to other grasses at both ndhF and rbcL.
In this study, we characterize patterns of rate heterogeneity in the grass family at two plastid loci--rbcL and ndhF-and we compare patterns of rate heterogeneity between them. We find evidence of rate heterogeneity among evolutionary lineages of grasses, and this rate heterogeneity is correlated across loci at synonymous, but not nonsynonymous, sites. We then contrast patterns of rate heterogeneity to predictions based on the generation time effect and speciation rate hypotheses. Some facets of the data fit the generation time effect hypothesis, including relatively slow rates of synonymous substitution in woody bamboos. However, not all the predictions of the generation time effect are upheld, indicating that the generation time effect is not sufficient to explain all rate heterogeneity.
The correlation of molecular evolutionary rates with presumed speciation rates is also weak.
Materials and Methods

Data
Most of the sequences used in this study were taken from GenBank (table 2). The choice of sequences was based on two criteria. First, sequences were selected so that the same grass subfamilies were represented for both rbcL and ndhF. Second, sequences were chosen so that each subfamily is represented by a monophyletic lineage. Monophyly was inferred from earlier phylogenetic studies of ndhF (see fig. 2 of Clark, Zhang, and Wendel 1995) and rbcL (see fig. 2 of Duvall and Morton 1996) .
The sampled sequences were divided into eight operational taxonomic units (OTUs) corresponding to six monophyletic subfamilies and two tribes from the Bambusoideae (table 2). The subfamily Bambusoideae was separated into two tribes (the Bambuseae and the Olyreae) because they differ with respect to generation time (table 1). The monophyly of the Bambuseae is only weakly supported with ndhF molecular data (Clark, Zhang, and Wendel 1995) , but further molecular and morphological analyses suggest the tribe is monophyletic (Zhang 1996) . Here we treat the Bambuseae as monophyletic, but recognition of paraphyly of the Bambuseae does not qualitatively change the outcome of our analyses (data not shown). The eight OTUs were used in both phylogenetic and relative rate analyses. Phylogenetic studies based on ndhF (Clark, Zhang, and Wendel 1995) and rbcL (Duvall and Morton 1996) differed in their sampling strategies, but 14 genera were sampled at both loci. For some analyses, we used only the rbcL and ndhF sequences from these 14 genera (table 2).
For both loci, amino acid sequences were inferred from nucleotide sequences and aligned manually using the Genetic Data Environment (GDE). The aligned nucleotide sequences consisted of 2,103 bp for ndhF and 1,242 bp for rbcL. The sequence alignments are available via anonymous ftp to: my3bobs.rutgers.edu in the directory ftp/pub/ndhf.
Phylogenetic Analysis
For the purposes of this study, it is important to have a summary of rate variation among OTUs. We generated phylogenetic trees by the Fitch-Margoliash method (Fitch and Margoliash 1967) , as implemented in PHYLIP 3.5~ (Felsenstein 1993) . Nei and Gojobori's (1986) method was used to estimate pairwise distances between OTUs at both synonymous and nonsynonymous sites. Because more than one sequence is included in each of the eight OTUs, each pairwise distance between OTUs was computed as the average distance between all sequences from each OTU. The topology of each tree was constrained to reflect the relationships in- Clark, Zhang, and Wendel (1995) . b Classification as per Clark and Judziewicz (1996) . c Members of the joint data set for which sequences from both loci were sampled from the same grass genera ferred in prior phylogenetic studies of ndhF (Clark, Zhang, and Wendel 1995) and rbcL (Duvall and Morton 1996) .
Relative Rate and Mantel Tests
We applied Li and Bousquet (1992) relative-rate tests to the ndhF and rbcL data. The Li and Bousquet test is a distance-based method that compares substitution rates between groups of sequences. In essence, the test compares the average rate in one group of sequences to the average rate in a second group of sequences. The test does not implicitly assume either that sequence groups are monophyletic or that substitution rates within a group are homogeneous (Li and Bousquet 1992) . We applied the Li and Bousquet test using the distance measures of Nei and Gojobori (Nei and Gojobori 1986; Gaut et al. 1996) . The method of Nei and Gojobori is simple, reasonably accurate (Muse 1996) , and permits separate testing for synonymous and nonsynonymous rate heterogeneity. The Li and Bousquet test uses a 2 statistic to determine significant deviation from the null hypothesis of rate homogeneity between the two groups of sequences.
Relative-rate tests were performed on rbcL and ndhF data separately. For each locus, substitution rates in sequences from one OTU were contrasted to rates from another OTU. Relative-rate tests were applied with a Joinvillea outgroup sequence and a FZageZZuria outgroup sequence ( fig. 1 ). The results were qualitatively similar across outgroups (data not shown); we report only test results using JoinviZZea sequences. We estimated r, the ratio of substitution rates between two monophyletic groups of sequences contrasted in a relative-rate test, with the statistic ?, which is given bY where d,, is the average distance from the n sequences in group 1 to the outgroup sequence, d,, is the average distance between the m sequences in group 2 to the outgroup sequence, and dr2 is the average distance of the m X n distance pairs between groups 1 and 2. The ratio P can be estimated separately with synonymous and nonsynonymous distances. The null hypothesis of the relative-rate test is equivalent to testing r = 1.0. However, because of the sampling variance of both r and the Li and Bousquet 2 statistic, the two quantitites are not perfectly correlated. Here we use P only for estimating ratios of rates between groups of sequences; the Li and Bousquet 2 statistic was used for hypothesis testing.
The relative-rate results comprise a matrix of pairwise comparisons.
For each comparison, the ratio of substitution rates, ?, was estimated. Four matrices of i statistics were generated: an rbcL synonymous matrix, an rbcL nonsynonymous matrix, an n&F synonymous matrix, and an n&F nonsynonymous matrix. We tested for associations among these matrices by the Mantel test ( ues of the tests were based on 1,000 permutations.
Significant associations between matrices suggest that patterns of relative rates are correlated.
Results
Relative-Rate Tests
Fitch-Margoliash trees are presented for both rbcL ( fig. 1) and ndhF (fig. 2) . Tree topologies are based on earlier phylogenetic studies, which have noted that rbcL and ndhF trees differ chiefly in regard to the placement of the Pooideae (Clark, Zhang, and Wendel 1995; Duvall and Morton 1996) . We present the trees here primarily to depict rate variation at synonymous and nonsynonymous sites separately. Figures 1 and 2 clearly indicate that branch lengths vary among subfamilies. For example, in both the ndhF and the rbcL trees based on synonymous substitutions (hereafter "synonymous trees"), both the basal subfamily Anomochlooideae (as per Clark and Judziewicz 1996) and the woody bamboos have relatively short branches, suggesting slow synonymous rates in these subfamilies. There is also variation in branch lengths among other subfamilies at both synonymous and nonsynonymous sites. We used relative-rate tests to test formally for rate variation between OTUs. Relative-rate tests do not assume particular phylogenetic relationships among subfamilies. The results of relative-rate tests, with the ac- Nom.-Abbreviations: Bamb = Bambuseae (woody bamboos); Anomo = anomochlooideae; Oly = Olyreae (herbaceous bamboos); Oyrz = Oryzoideae; Pooid = Pooideae; Panic = Panicoideae; Anmd = Arundinoideae; Chlor = Chloridoideae. The ratio i is given as the ratio of row over column so that an P >l means the row is estimated to have faster substitution rates than the column. For example, the Chloridoideae are estimated to evolve 2.29 times faster than the Anomochlooideae at synonymous sites of rbcL. * P < 0.05. **p < 0.01. companying estimate of the ratio of rates between sequence groups, are presented in table 3.
Rate Heterogeneity at Synonymous Sites
Our exploratory analysis reveals a number of significant rate contrasts at synonymous sites. One pattern is consistent across loci: both the woody bamboos and the anomochlooids have slow rates of nucleotide substitution relative to other grass subfamilies. For example, the woody bamboos have slower synonymous substitution rates in six of seven contrasts at rbcL (table 3) , and five of these six contrasts are significant (P < O.Ol), including the contrast between woody bamboos and herbaceous bamboos. At ndhF, the woody bamboos are inferred to evolve more slowly than five of seven groups (four of these contrasts are significant at P < 0.05).
Another pattern of note is the relatively slow rates of synonymous evolution in the Arundinoideae at ndhF, where the Arundinoideae evolve more slowly than six of seven groups. Relatively slow rates in the Arundinoideae appear to be unique to ndhF, because there is little evidence of slow rates at rbcL.
Rate Heterogeneity at Nonsynonymous Sites
There is also evidence of rate heterogeneity at nonsynonymous sites. At the ndhF locus, woody bamboos have slower nonsynonymous substitution rates than all other groups, and these rates are significantly slower in six of seven comparisons.
This pattern does not appear to be consistent across loci: at rbcL, two groups (the Oryzoideae and the herbaceous bamboos) have slower nonsynonymous substitution rates than the Bambuseae. In general, the distributions of significant rate results are not well conserved between synonymous and nonsynonymous sites at rbcL. For example, the Olyreae evolve quite slowly at rbcL nonsynonymous sites (they are in-ferred to evolve more slowly in seven of seven contrasts), but at synonymous sites they evolve relatively quickly (more rapidly than all seven other OTUs). In contrast to rbcL, the results of synonymous and nonsynonymous relative-rate tests appear to be quite similar at ndhF.
Testing for Correlated Rate Heterogeneity Between Loci
Both ndhF and rbcL exhibit rate heterogeneity among evolutionary lineages. Some of this rate heterogeneity appears to be conserved across loci-e.g., both the woody bamboos and the anomochlooids have relatively slow synonymous rates at both loci-but other aspects of the relative-rate analyses do not appear to be conserved across loci. In this section, we test for rate correlations between loci by applying the Mantel test to matrices of P estimates.
There is evidence of association of P between the synonymous matrices (P = 0.008). This can be seen to some extent by visual examination of table 3. In both synonymous matrices, the large numbers tend to be in the first two columns. We interpret the correlation between matrices to mean that two lineages with large (or small) rate differences at one locus also tend to have large (or small) differences at a second locus. This overall correlation is also evident in the shape of the synonymous trees, because long (or short) branches in the rbcL tree tend to be long (or short) in the ndhF tree ( figs. 1 and 2) . In contrast to synonymous rates, there is no evidence for correlation between nonsynonymous relative-rate matrices (P = 0.974).
Mantel tests provide a glimpse into the different rate dynamics at the two loci. At ndhF, Mantel tests indicate significant associations between synonymous and nonsynonymous ratio estimates (P < 0.001). This can be interpreted as an indication that there is generally a proportional change of nonsynonymous rates at ndhF when synonymous rates change (or vice versa). In contrast, there is no significant association between rbcL synonymous and nonsynonymous relative rate matrices (P = 0.794). This is apparent from visual examination of the rbcL matrices (table 3) and the rbcL trees ( fig.  1 ). Several branches in the nonsynonymous rbcL tree do not appear to be proportional to the branches in the rbcL synonymous tree. The lack of proportionality appears particularly pronounced in the oryzoid branch, the herbaceous bamboo branch, and the interior branch separating the Anomochlooids from the more derived grasses.
One concern is that the results of the Mantel tests could be artifactual due to either (1) averaging of distances within monophyletic OTUs or (2) asymmetric sampling of ndhF and rbcL sequences. To control for these two potential sources of error, we analyzed sequences from the joint data set of 14 grass genera (table  2) . At each locus, we constructed a 14 X 14 matrix of the ratio of branch lengths, as estimated by the maximum-likelihood method of Muse and Gaut (1994) , for both synonymous and nonsynonymous rates (data not shown). Comparison of the matrices yielded qualitatively similar results to those presented above: synonymous ratios are correlated between loci (P < 0.001); synonymous and nonsynonymous ratios are correlated at ndhF (P < 0.001); and rbcL nonsynonymous ratios are uncorrelated with both rbcL synonymous ratios (P = 0.158) and ndhF nonsynonymous ratios (P = 0.990).
Discussion
Our analyses clearly indicate that rates of nucleotide substitution vary among evolutionary lineages of the grasses. At synonymous sites, the anomochlooids and the woody bamboos evolve slowly relative to other grass groups. This pattern is also found at nonsynonymous sites of the ndhF locus. However, rate dynamics differ dramatically at nonsynonymous sites of the rbcL locus, where the oryzoids and the Olyreae appear to be the most slowly evolving groups. In the following paragraphs, we consider the evolutionary processes that could lead to these patterns of rate heterogeneity, with particular emphasis on two hypotheses-the generation time effect hypothesis and the speciation rate hypothesis-that previously have been invoked to explain rate heterogeneity at rbcL.
The Generation Time Effect Hypothesis
To the extent both that sampling within a single family successfully isolates generation time from other variables and that MGT adequately reflects generation time, the generation time effect hypothesis suggests several predictions.
First, woody bamboos should have slower substitution rates than other grasses, including herbaceous bamboos. This prediction is based on the relatively long MGT of woody bamboos (table 1) . Second, there should be little rate variation among other grass taxa, because most grasses have similar MGTs (table 1). Third, substitution rate heterogeneity should be correlated among loci, because the generation time effect is expected to have a genome-wide influence. These three predictions pertain more fully to synonymous than to nonsynonymous substitution rates, because synonymous substitution rates are more likely to be neutral than are nonsynonymous rates. Some facets of the data are consistent with the generation time effect hypothesis. For example, the prediction of slow rates in the Bambuseae is largely satisfied by the data. For both ndhF and rbcL, the woody bamboos have slower rates of synonymous substitution relative to most grass subfamilies (table 3) . Relatively slow substitution rates in the Bambuseae are also found at ndhF nonsynonymous sites. It is important to note that relatively slow synonymous rates are not found in the herbaceous bamboos. This is a striking result, because it demonstrates that within a single phylogenetically narrow group (the bamboos), a change in generation time commensurate with the change from woody to herbaceous habit (or vice versa) is correlated with a change in synonymous substitution rates. The generation time effect also predicts that rate heterogeneity is correlated among loci. &CL. This result is also consistent with the generation time effect hypothesis, although other evolutionary forces, including changes in polymerase fidelity (Britten 1986 ) and changes in metabolic rates (Martin, Naylor, and Palumbi 1992) , could affect similar correlations among loci. In this respect, rate correlations are a necessary but insufficient criterion to prove generation time effects. On the whole, however, our rate observations suggest that the generation time effect could be one important determinant of the rate of sequence evolution in the grasses.
Although a generation time effect is implicated in some of the results, it is also clear that generation time in itself cannot fully account for the observed patterns of synonymous rate heterogeneity. For example, relative-rate tests suggest that the anomochlooid sequences evolve with the slowest synonymous substitution rates of any grass subfamily.
Although the anomochlooids may have a slightly longer MGT than other grass taxa (table l), their MGT is not as long as that of the woody bamboos. This result is therefore inconsistent with predictions based on the generation time effect hypothesis.
Part of the explanation for the insufficiency of generation time as a predictor of rate variation could be our uncertain and imprecise measures of this life history trait. In this respect, we assumed (1) that MGT is a reasonable reflection of generation time and (2) that extant generation times are the same as historical generation times. Neither of these assumptions is strictly correct. The former assumption is born of necessity, because plant generation times are nearly impossible to estimate with accuracy, in that they must account for differences in habit (perennial or annual), seed longevity, and mode of propagation (sexual, vegetative, or a combination).
Furthermore, the important parameter for determining substitution rates may be the number of germ line cell divisions per generation (Eyre-Walker and Gaut 1997) . Minimum generation time may not accurately reflect the number of germ line cell replications, because germ line replication is indeterminate in plants. Finally, generation time changes over evolutionary time, as is evident from the bamboos-e.g., the short-generation herbaceous bamboos shared a most recent common ancestor with the long-generation woody bamboos. More accurate predictions based on generation time phenomena require a better understanding of both the evolutionary plasticity of generation time and the multifaceted relationships among many other potentially important factors, such as organellar genome replication fidelity and frequency, somatic partitioning during organellar and cell division, and organellar population genetics.
In summary, patterns of synonymous rate heterogeneity among plastid sequences indicate that MGT could be an important determinant of nucleotide substitution rates, particulary with regard to rate differences between woody and herbaceous bamboos. Minimum generation times alone, however, are not sufficient to adequately explain patterns of synonymous rate heterogeneity at ndhF and rbcL in the grasses.
The Speciation Rate Hypothesis
Recent studies of rbcL sequences have revealed a correlation between speciation rates and nucleotide substitution rates Barraclough, Harvey, and Nee 1996) . The speciation rate hypothesis had its origin with Mayr (1954) , who postulated that rates of genetic change should influence rates of speciation. This speculation is difficult to test for several reasons. First, speciation rates are difficult to estimate, a difficulty compounded by a lack of information about either extinction rates or the age of an evolutionary lineage. Second, speciation rates, like generation times, probably vary over evolutionary time. Third, the speciation rate hypothesis makes no claim to mechanism (Barraclough, Harvey, and Nee 1996) . In the absence of a proposed mechanism, it is difficult to make predictions about the relative effects of speciation rates on synonymous and nonsynonymous substitutions. It is also difficult to predict whether the speciation rate effects should lead to correlated rates of substitution among genes.
Despite these uncertainties, predictions of nucleotide substitution rates based on speculative speciation rates can be formulated for the grasses. Estimates of the number of extant species in each subfamily are available (table 1). As previously mentioned, the Anomochlooideae represent the basal grass lineage ( fig. 1) (Clark, Zhang, and Wendel 1995; Clark and Judziewicz 1996; Duvall and Morton 1996) and are therefore relatively old. The low number of species in this subfamily, coupled with the relative age of the subfamily, suggests that the anomochlooids have low speciation rates relative to other grasses (again, excessive extinction is another possibility). To the extent that speciation rates are influenced by or influence nucleotide substitution rates, one might expect the Anomochlooideae to have slower nucleotide substitution rates than other grass subfamilies. This prediction is consistent with the results of synonymous relative-rate tests (table 3) .
Other predictions based on presumed speciation rates can be formulated.
For example, the Bambuseae are species-rich relative to the Oryzoideae (table 1) . These two groups of taxa are probably nearly equivalent in age (Clark, Zhang, and Wendel 1995; Duvall and Morton 1996) . The speciation rate hypothesis would predict that the oryzoids should have slower substitution rates than the woody bamboos. For the two genes we studied, however, this is generally not the case, except at nonsynonymous sites for rbcL (table 3) . Similarly, there is no strong evidence that the Panicoideae, which are the most species-rich grass subfamily (table l), have accelerated rates of sequence substitution. On the whole, evidence consistent with the speciation rate hypothesis is limited in these grass data sets.
Nonsynonymous
Relative Rates at rbcL
Relative-rate tests for nonsynonymous sites reveal a puzzling discrepancy: relative rates at rbcL nonsynonymous sites are uncorrelated with relative rates at rbcL synonymous rates. The lack of correlation could reflect low statistical power of the Mantel test. We think this unlikely because the rbcL locus evolves significantly 776 Gaut et al. more slowly in the Oryzoideae and the herbaceous bamboos at nonsynonymous sites relative to other grasses, but a similar pattern is not seen at synonymous sites (table 3, fig. 1 ). These results suggest that nonsynonymous rates slowed independently of synonymous rates in the oryzoids and the Olyreae, or, alternatively, that nonsynonymous rates increased independently of synonymous rates in the Bambuseae.
In either case, these data suggest that relative-rate dynamics at rbcL nonsynonymous sites differ dramatically from those at synonymous sites.
This observation contributes to an emerging picture of plant molecular evolution in which nonsynonymous and synonymous substitution rates are uncoupled. For example, a recent study of 33 plastome genes demonstrated that nonsynonymous rates fluctuate among genes despite relatively constant relationships of synonymous rates among genes (Muse and Gaut 1997) . Similarly, rate contrasts between grasses and palms have shown that nonsynonymous rate variation differs in magnitude and direction relative to synonymous rate variation (Eyre-Walker and Gaut 1997). If synonymous nucleotide substitutions primarily reflect the process of neutral evolution, then different dynamics at nonsynonymous sites may reflect either positive selection on nonsynonymous substitutions (Gillespie 1986) or fluctuations in the stringency of purifying selection over evolutionary time (e.g., Gaut et al. 1996) . In either case, the uncoupling of nonsynonymous and synonymous relative rates suggests that locus-specific selection coefficients can change significantly among lineages of the rbcL locus. In contrast to rbcL, synonymous and nonsynonymous relative-rate matrices are correlated at ndhF. This observation suggests that selective constraint at nonsynonymous sites is fairly constant among evolutionary lineages of the ndhF locus.
Conclusion
This study documents rate heterogeneity in the grass family for plastid genes, and it demonstrates that rate heterogeneity is correlated between these loci at synonymous sites. We have shown that some variation in rates is consistent with predictions of the generation time effect but that generation time alone is not sufficient to explain patterns of synonymous rate heterogeneity. At nonsynonymous sites, evidence is presented to suggest that selection may influence relative substitution rates at rbcL. It is becoming increasingly clear that rate heterogeneity is a common component of the evolution of plastid gene sequences; both selection and life history features such as generation time are likely important influences on rate variation. However, a full understanding of the various forces contributing to rate heterogeneity remains elusive.
